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METHOD OF SEISMIC TIME MIGRATION USING
A MASSIVELY PARALLEL COMPUTER

BACKGROUND OF THE INVENTION

The present invention relates to the field of seismic
data processing, and in particular to a method for mi-
grating seismic data using a massively parallel com-
puter.

The Earth’s subsurface can be Imaged by a seismic
survey, therefore, seismic data acquisition and process-
ing are key components in geophysical exploration. Ina
seismic survey, elastic acoustic waves are generated by
a source at the Earth’s surface and the waves are radi-
ated into the Earth’s subsurface. For land seismic sur-
veys, the usual source is dynamite or a seismic vibrator,
while for a marine seismic survey the source is typically
an airgun array.

As the waves radiate downward through the Earth’s
subsurface, they reflect and propagate upwards towards
the surface whenever the subsurface medium changes.
The upward reflections are detected by a number of
receivers and the reflected data recorded and processed
in order to image the subsurface. Interpretation of these
acoustic 1mages of the subsurface formation leads to the
structural description of the subsurface geological fea-
tures, such as faults, salt domes, anticlines, or other
features indicative of hydrocarbon traps.

While two dimensional (*“2D”) seismic surveys have
been conducted since the 1920’s, three dimensional
(“3D”) seismic surveys have only recently become
widely used. 3D surveys more accurately reflect the
subsurface positions of the hydrocarbon traps, but are
expensive and time consuming to acquire and process.
For an offshore 3D data set covering a 20X 20 km area,
it costs about $3M dollars (1991 dollars) to acquire the
data with another $1M dollars for data processing to
transform the raw data into useable images. Because the
cost of such a seismic survey is considerably less than
the cost of drilling an offshore oil well, 3D seismic
surveys are often worth the investment.

Although 3D marine surveys vary widely in size
(1,000 to 100,000 km?), a typical marine survey might
generate 1n excess of 40,000 data acqusition tapes. Data
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data samples every 10 seconds. A significant amount of
time and money is spent in processing this enormous
amount of data.

The result of the seismic survey is thus an enormous
amount of raw data indicative of reflected signals which
are a function of travel time, propagation, and reflection
affects. The goal 1s to present the reflected amplitudes
as a function of lateral position and depth.

A typical marine seismic survey goes through three
distinct sequential stages—data acquisition, data pro-
cessing, and data interpretation. Data processing is by
far the most time consuming process of the three. The
acquisition time for a medium to large 3D marine seis-
mic survey is 1n the order of two months. Data is ac-
quired by survey vessels traversing an area of the ocean
along a series of parallel lines. A vessel may tow a num-
ber of sources (usually atrgun arrays) and a number of
receiver strings called hydrophone streamers (of length
up to 3 kilometers). Sources are fired at 5 to 10 second
intervals and the reflected seismic waves measured by
up to 1000 hydrophone groups in every streamer. The
measurements are recorded digitally on magnetic tapes.
In addition to seismic data, navigation information is
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also recorded for accurate positioning of the sources
and receivers. The resulting digital data must then be
rendered suitable for interpretation purposes by pro-
cessing the data at an onshore processing center. The
processing sequence can be divided into the following
five processing steps.

1. Quality Control, filtering and deconvolution. This
processing is applied on a trace basis to filier noise,
sharpen the recorded response, suppress multiple
echoes, and generally improve the signal-to-noise
rati0. Most of these signal processing operations
can be highly vectorized.

2. Velocity analyses for migration. This processing
estimates the velocity of the subsurface formations
from the recorded data by modeling the propaga-
tion of acoustic waves with estimated wvelocities
and checking for signal coherence in the acquired
data. It is similar to migration but is applied to a
small section of the data cube.

3. 3D dip moveout correction and stacking. This
processing step, generally the most mput/output
intensive part of the processing, (i) sums together
several traces in order to eliminate redundancy and
reduce the signal-to-noise ratio, (it) corrects for
time delays that occur when the reflected signal is
recorded by successive hydrophones that are lo-
cated increasingly farther away from the energy
source, and (1i1) positions and orients the stacked
data in accordance with the navigation informa-
tion. After this processing step, the data is referred
to as stacked data. This step normally constitutes
on the order of a 100 to 1 reduction in data volume.

4, Migration. This processing step, computationally
the most intensive, relocates the position of re-
flected strata, that are recorded in time, to their
correct position in depth.

5. Enhancement and filtering. This processing step is
used to enhance the migrated data using digital
fiitering techmques.

The stacking process (step 3) reduces the amount of
data to what 1s essentially a three dimensional array of
numbers (1.e. a data cube) representing amplitudes of
reflected seismic waves recorded over a period of time
(usually 8 seconds). Such data cubes can be large, for
example, a medium size 3D survey may produce cubes
as large as 1000 X 1000 < 2000 of floating-point numbers.
The stacked data cube represents a surface recording of
acoustic echoes returned from the earth interior and is
not usually directly interpretable. The migration (or
acoustic imaging process, step 4) i1s used to convert
stacked data into an image or a map which can then be
viewed as a true depth map cut out of the survey area.

Thus, migration is one of the most critical and most
time consuming components in seismic processing is
migration. Generally speaking, migration transforms
the seismic data recorded as a function of time into data
positioned as a function of depth using preliminary
knowledge of the propagation velocities of the subsur-
face. In particular, migration moves dipping reflectors
to their true subsurface position. Migration is typically
performed on post stack seismic data to reduce the
amount of processing time, but even so takes weeks of
conventional supercomputer time for even medium size
post stack seismic data cubes.

Most of the migration methods are based on the one
way acoustic wave equation (compressional waves con-
sidered, shear waves ignored) using the exploding re-
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flector model. In the exploding reflector model, stacked
data are assumed to be recordings of a multitude of
sources distributed along geological boundaries and
exploded simultaneously. The post stack seismic data
cube is considered to be recordings of upward traveling
waves as they emerge from the Earth. (See generally, J.
F. Claerbout, Imaging the Earth’s Interior (1985), M.
Dobrin & C. Savit, Geophysical Prospecting (1988), R. E.
Sheriff, Geophysical Methods (1989), incorporated by
reference for background)

3D seismic migration is becoming the norm in seismic
processing and there are two types of methods: two pass
and one-pass. In two pass migration, the 3D seismic data
cube is migrated sequentially first in the x direction and
next in the y direction (orthogonal directions). In one-
pass migration an entire 3D data cube is downward
continued as one. Various methods for 3D seismic mi-
gration have been proposed. (See generally. Blacquiere,
Debeye, Wapenaar & Berkhout, 3D Table-Driven Mi-
gration, 37 Geophysical Prospecting 925 (1989), Hale,
3-D Depth Migration via McClellan Transformations, 56
Geophysics 1778 (1991), incorporated by reference for
background)

The major advantage of one-pass 3D seismic migra-
tion is that for structurally complicated areas (faults or
strata where steep angles dip) image accuracy is signifi-
cantly improved. The major disadvantage of the 3D
one-pass migration is the significant amount of process-
ing time required. For a typical seismic survey using a
terabyte of input data on tapes, the typical 3D process-
ing sequence might take about thirty weeks on a large
scale supercomputer. Four to five weeks of processing
time is devoted to migration alone. Therefore, it would
be a significant advance if an accurate, efficient 3D
one-pass migration method were devised.

SUMMARY OF THE INVENTION

The present invention provides an accurate 3D one-
pass migration method which achieves almost a 10 fold
increase 1n efficiency over conventional migration pro-
cessing methods. The method recognizes the parallel
features of the migration problem and employs a mas-
sively parallel computer to implement the method.

The migration method of the present invention first
transforms the seismic data from the space-time domain
to the space-frequency domain using a Fourier trans-
form process. Typically, the seismic data has already
been stacked. The method migrates independently each
plane of data corresponding to a single frequency to
create the reflector map. Thus, the migration method
transforms the space-frequency domain stacked data
into a space depth cube.

The space-frequency data cube is stored in computer
memory, because of its size usually a type of disk or
remote memory. The frequency data cube i1s then
grouped into frequency chunks comprising one or more
frequency planes—i.e. X,y data planes of constant fre-
quency. Grouping the frequency planes into frequency
chunks improves input/output and computational effi-
ciency.

For depth migration each frequency chunk is down-
ward continued through the depth levels of interest for
interpretation. This downward continuation process
includes: modeling the velocity profile of the subsurface
for the survey through the depths of interest; extrapo-
lating all x,y spatial positions; and updating the depth
map. For extrapolation, for a single frequency and a
given depth, processing components of the massively
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parallel computer are assigned to subgrids of one or
more X,y spatial positions. The extrapolation 1s then
processed concurrently by operating a number of pro-
cessing components in parallel to extrapolate all x,y
spatial positions.

In the preferred form, the migration is performed
using post stack seismic data. In one embodiment, the
massively parallel computer uses a single instruction
multiple data architecture. Pre-stack seismic data and
other computer instruction techniques (e.g. muitiple
instruction multiple data) are possible alternatives with-
out departing from the scope of the invention.

The velocity data cube is stored by inputting esti-
mated velocity data for a number of x,y spatial positions
at different depths and creating the velocity data cube
representing depths of interest by interpolating between
the mput estimated velocity data. For a given depth,
velocity data planes are read from the velocity data
cube into the local memory of each processing compo-
nent. If necessary, the processing component creates a
particular velocity data plane for a particular depth by
interpolation between the proximate velocity data
planes residing in local memory.

The extrapolation applies a symmetric, frequency and
velocity dependent, 2D filter as an approximation of the
full 3D wavefield extrapolation. The filter coefficients
are 1dentified independently as a function of frequency
and velocity for each x,y spatial position. Preferably
filter coefficients are stored as a table in the local mem-
ory of each processing component. In the preferred
method, a fixed 5X5 G operator is used in the filter
structure for convolution. Alternatively, different size
G operators with entries variant according to frequency
and velocity are feasible.

The method of time migration of the present inven-
tion 1s similar to the depth migration method. In time
migration, for each frequency chunk, a unique filter
coefficient table is used.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 i1s a schematic view of the 3D one-pass depth
migration transformations;

FI1G. 2 1s a diagram illustrating the Chebyshev recur-
sive filter structure;

FIG. 3 is a table illustrating the real constant 2D 5X 5
convolution operator G;

FIG. 4 1s a flow chart depicting depth migration by
frequency plane;

FIG. 5 1s a flow chart, similar to FIG. 4, describing
depth migration by frequency chunk;

FIG. 6 is a schematic of the input/output flow paths
of the method of the present invention; and

FI1G. 7 1s a flow chart depicting time migration by
frequency plane.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

I. Overview
The one-pass 3D migration of the present invention is
implemented on a massively parallel computer, such as

- the Connection Machine 2 (CM2), a product of Think-

ing Machines Corporation, Cambridge, Mass. U.S. Pat.
Nos. 4,598,400; 4,773,038; and 4,827,403 relate to such
parallel computers (incorporated for reference). Prefer-
ably, the method starts with a post stack seismic data
cube, 1.e. data in the space-time domain stacked as x,y,t.
A one dimensional transform is applied to every trace in
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the stacked cube converting the stacked cube from the
time domain to the frequency domain—x,y,f.

The migration transformation is illlustrated in FIG. 1.
Thus, the migration method of the present invention
transforms the post stack x,y,t space-time domain data
into x,y,f space-frequency domain data through a down-
ward continuation process into a reflector map, x,v,z in
the space depth domain. The method is a recursive
scheme of downward continuation and imaging based
on the “exploding reflector” model.

A significant opportunity for parallel processing
arises because each frequency plane of data, x,y.f is
migrated independently to create the seismic reflector
map. Another opportunity for parallel processing arises
in the wavefield extrapolation of a 2D x,y frequency
plane.

Wavetfield extrapolation is a key part of all migration
techniques that are based on the wave equation. The
present method is based on the acoustic wave equation,
1.e. compressional waves are taken into account only,
and shear waves are neglected. Additionally, only the
one way wave equation is used, exploiting the explod-
ing reflector model. The method downward continues
for each frequency of interest for all depths to be mi-
grated. A constant frequency plane is a two dimensional
plane with the same size and shape of the part of the
seismic survey which is to be migrated. Generally
speaking, for all depth values to be migrated and all
frequencies of interest, 1) the filter is convolved for
each frequency of interest for wavefield extrapolation,
and 2) the wavefield extrapolation is used to update the
seismic reflector map. Parallel processing is feasible
because 1) all frequencies can be migrated in parallel
because the migration of each frequency is independent,
and 2) the convolution of the filter with a 2D frequency
plane for wavefield extrapolation can be computed in
parallel.

With these opportunities for parallel processing, the
size of the 2D filter for extrapolation would convention-
ally be determined by the reflector angle. That is, in
order to image steeply dipping reflectors, the filter size
must be large. Large filter sizes pose a computational
cost, even with parallel processing which for many
seismic surveys (i.e. steeply dipping reflectors) may be
computationally prohibitive.

The method of the present invention significantly
reduces this computational cost by taking a slightly
different approach to wavefield extrapolation. That is,
wavefield extrapolation is performed by applying a 2D
filter to every frequency in the data cube independently.
In order to ensure the desired accuracy over a wide
range of frequencies and at large dipping angles, a re-
cursive Chebyshev scheme is employed to emulate the
desired large filter. This large filter is expressed as the
sum of small, constant size convolution filters along
with additions. The filter coefficients are computed
independently for each x,y position in the survey. The
filter coefficients are based on a table with fine incre-
- ments to permit interpolation. The table of filter coeffi-
cients is stored redundantly in the local memory of each
processing component in the parallel computer to in-
crease access efficiency.

IL. Parallel Computer Configuration

Increasingly, a number of different types of parallel
computers are available commercially. Such parallel
computers typically employ a large number of process-
ing components, with each processing component em-
ploying one or more processors. The processing com-
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ponents are cooperatively operated using a variety of
schemes, with single instruction multiple data (SIMD),
multiple instruction multiple data (MIMD), and pipe-
line processors being the most common.

In the preferred embodiment, a CM2 using a SIMD
architecture is employed. The CM2 is available in a
range of configurations between 4,096 and 65,536 pro-
cessing elements. This range corresponds approxi-
mately to an achievable peak performance range of 500
Megatlops per second up to 8 Gigaflops per second.
The amount of memory associated with the processing
elements varies between 500 Megabytes and 8 Giga-
bytes and corresponds approximately to the same pro-
cessing element population range. Thus, an 8,192 pro- |
cessing element CM2 would have an approximate peak
performance of 1 Gigaflop per second and typically be
configured with 1 Gigabyte of memory.

In the configuration of the preferred embodiment, a
program executes on a frontend system, such as a Sun
workstation sending computational requests to the
CM2. The processing elements use Weitek chips to
achieve a high aggregate floating point rate, with every
32 processing elements sharing a 32-bit or 64-bit Weitek
floating point processor. A high degree hypercube is
incorporated into the CM2 to facilitate data communi-
cation. Disk subsystems, known as Data Vaults, can be
added to the CM2. A Data Vault can hold up to 60
Gigabytes and transfer data to and from the CM2 at
over 20 Megabytes per second. In the present applica-
tion, the term ‘“remote memory” refers to memory
where communication is relatively slow, such as disk
subsystems like the Data Vaults. On the other hand,
“local memory” refers to memory associated with each
processing component, or in the case of the CM2 pri-
marily associated with the processing elements.

By way of example, consider a seismic survey in the
Gulf of Mexico yielding a post stack space-time seismic
data cube (x,y,t) with 512X 512 spatial dimensions (X,y)
and each trace contains 2,001 time samples correspond-
ing to about 8 seconds of reflected data. This space-time
seismic data cube corresponds to approximately 2 Giga-
bytes of input data. In this example, 2 Gigabytes of input
data can typically be supplied on tapes in the SEG-Y
format with each tape containing 125 Megabytes of
information. In the SEG-Y format every trace has a
header of 60 4-byte words containing descriptive and
contextual information relevant to that trace.

The raw data on the SEG-Y tapes are read into serial
files on the Data Vault. After stripping the header files,
this raw data now comprises a serial file comprising the
space-time seismic data cube (x,y,t).

The present method uses a Fourier transform method
to transtorm each trace, thus creating a space-frequency
data cube. See FIG. 1. Preferably, the space-frequency
data cube 1s mmput into the Data Vault in a “paraliel”
format. The “parallel” format making it very efficient
to read frequency planes from the space-frequency cube
for migration to sustain high input and output. For
example, a data input/output of 20 Megabytes per sec-
ond using the “paralle]” Data Vault format on a CM2 is
obtainable. Refer to FIG. 6 for an overview of input-
/output flow paths.

The filter coefficients are looked up in a table using
velocity and frequency to select the filter coefficients.
The subsurface velocity is of course spatially variant,
1.€., the velocity is dependent upon the spatial position
within the seismic survey (X,y,d). For example, the
present embodiment contemplates using 13 filter coeffi-
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cients (h,) for dipping reflectors up to 65° and 18 filter

coefficients for dipping reflectors up to 80° . A table of
filter coefficients is stored and indexed by the relation-
ship of velocity and frequency, with linear interpolation
as required.

In the preferred embodiment, a full velocity plane for
the depth of interest 1s read from remote memory (Data
Vault) into local memory for each processing compo-
nent. This full velocity plane is used in conjunction with
the frequency to identify the filter coefficients.

In an alternative embodiment, a cube of velocity data
is created by interpolation from estimated subsurface
velocity data, of spatial dimension equal to the space-
depth cube of interest. A sub-sampled version is then
stored in the Data Vault. During migration for a given
depth, the two closest velocity planes are read from the
Data Vault into local memory. The velocities at a given
depth are then calculated by linear interpolation. The
net accuracy is enhanced because the sub-sampling rate
can be increased for subsurface areas where the velocity
is changing rapidly.

I11. Wavefield Extrapolation

Wavefield extrapolation is critical in the migration
process. (The terms “wavefield extrapolation” and
“downward continuation” are sometimes used inter-
changeably.) At each depth level an imaging step 1s
performed, which is the extraction of zero time ampli-
tudes from the downward continued data cube. Down-
ward continuation in the space-frequency (x,y,f) domain
is preferable because it can more accurately image
steeply dipping geological layers. In the space-fre-
quency domain, the 2D scalar (two way) wave equation
can be written as:

EA T P R 4

where ko ==(wW2/c2—kx2)t, U= Uw,kx2),D=(W,kx2)
represent the upgoing and downgoing waves respec-
tively, w 1s the frequency (measured in radians per unit
time), ¢ 1s propagation velocity, and kx is the wave
number (measured in radians per sample) in the x direc-
tion. r(k;z) is the reflectivity function. This equation
holds for a horizontal layered media. The first term in
the equation accounts for the one way propagation of a
wave 1n a2 homogeneous media. The second term ac-
counts for transmission losses and coupling between the
upgoing and downgoing waves at the interfaces. If
transmission losses are neglected, the 2D scalar wave
equation can be rewritten as:

where P may be upward U or downward D. This is the
basis for one way wave propagation such as using the
exploding reflector model.

The analytical solution to this equation is:

P(W,ky,z+ Az) = eFKZBZP(v, k\ 7)

corresponding to downward extrapolation of one way
waves. This analytical solution can be approximated in
the space-frequency domain with known finite differ-
ence techniques. These finite difference techniques re-
semble a 2D convolution when known techniques have
been applied, collectively known as splitting or layer
splitting. However, using conventional layer splitting
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techniques, computer accuracy or computer efficiency
Is sacrificed. The present method takes the finite differ-
ence approximation in the space-frequency domain and
recasts the problem as a filter. The Fourier transform

approximates:

. Az wiz
Dy = ¢ 8% v

where w denotes frequency, v is the velocity, and z and
X are vertical and horizontal spatial sampling intervals,
and k 1s the wave number. Wavetfield extrapolation is
therefore reduced to applying a 2D filter with the above
characteristics to every frequency in the data cube.

This filter analogy is quite useful but the filter must
operate over a wide range of frequencies and be accu-
rate to extrapolate the wavefield at significant dipping
angles. Accuracy dictates a large number of coefficients
for the filter and is computationally expensive. The
present method uses a process to build the desired large
filter using recursive Chebyshev filter structure for 2D
convolution with radially symmetric operators. FIG. 2
illustrates this recursive Chebyshev structure.

Using this scheme, the large filter can be expressed as
a sum of small, fixed size, convolution filters along with
additions. Because these small symmetric convolutions
are identical over an entire frequency plane, intermin-
gled with scalar complex multiplications, significant
computational savings can be realized.

FIG. 3 illustrates the 5X5 G operator used in the
filter of FIG. 2. In the G operator of FIG. 3 the ¢ con-
stant can vary as a function of frequency with little
additional computational cost. In the preferred embodi-
ment, G i1s fixed and used for all frequencies. While
different sized operators G might be used, the 5X35
operator of FIG. 3 is believed well suited for most prob-
lems. A fixed value of c=0.0255 has proven useful.

IV. Depth Migration

A simple outline of the depth migration method 1s:

1. Initialization

2. For each frequency:

A. Initialization for one frequency
B. For each depth

1. Compute velocity

ii. Extrapolate

111. Update depth map

Imitialization comprises previously described proce-
dures such as converting the seismic data to the space-

o frequency domain and storing the space-frequency data
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cube in the Data Vault. Additionally, a velocity cube is
stored in the Data Vault.

F1G. 4 illustrates schematically a flow chart for the
downward continuation. As can be seen in FIQG. 4, for a
single frequency plane, the data is downwardly contin-
ued for all depth planes of interest

As shown 1n FIG. 4, after computing a velocity map
for the depth of interest, the filter coefficients are com-
puted independently for each spatial position (X,y) in the
X,y plane. To accomplish this, a processing component
is assigned to the subgrids in the x,y plane. Each subgrid
contains one or more X,y spatial positions with the sub-
grids migrated concurrently in parallel by the respec-
tive processing component.

A reduced set of filter coefficients (used as h, in the
filter of FIG. 2) is stored as a table in local CM2 mem-
ory. This reduced table of filter coefficients is stored
redundantly in the local memory of every processing
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component to increase efficiency. For a CM2 with 32
processing elements per group, one filter coefficient
table 1s stored in the local memory of each group.

The filter coefficients are retrieved from the coeffici-
ent table by indexing with frequency and velocity:
hence the velocity map for the depth plane of interest is
critical. Each processing component can access the
coefficient table with a different index value, to retrieve
a distinct set of filter coefficients for each x,y position.
Therefore, a distinct extrapolation operator is com-
puted for each x,y point by the filter of FIG. 2 at a very
low cost for each depth and frequency. The result is an
extrapolated plane of depth shifted x,y spatial positions.

The depth map for each frequency (x,y,d) is held in
the Data Vault. As can be seen in FIG. 4 after extrapo-
lation for a particular depth, the result is used to update
the depth maps. This is accomplished by entering the
depth map held in the Data Vault and adding the real
components of the current frequency to the map for the
particular depth.

As shown in FIG. 4, a single frequency for all depths
of interest is downward continued. After all depths for
a single frequency have been downward continued, the
next frequency plane is entered and the process re-
peated for all frequency planes of interest.

FIG. 5§ 1s quite similar to FIG. 4, but includes an
~ optimization for input/output time and computation
ttme. In FIG. §, the frequency planes have been
grouped into “chunks™ that are extrapolated together
through all depth levels. Computation time is reduced
because the per frequency initialization cost (e.g. data
input and velocity computation) and the depth map
updating are amortized over all the frequency planes in
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V. Time Migration

3D one-pass depth migration is most useful for inter-
pretation. In depth migration, the extrapolation step is
constant and the method is capable of handling large
lateral and vertical velocity variations. However, depth
migration requires an accurate velocity model to obtain
accurate results. In contrast, the time migration extrap-
olation step is a function of the local velocity. Time
migration is mnaccurate and yields poor results with
large lateral velocity changes. However, time migration
can use a poor velocity model to obtain reasonable
results. Therefore, time migration is useful for refining a
velocity model for a seismic survey.

FIG. 7 1llustrates a flow chart for time migration and
should be compared with FIG. 4. As can be seen from
the comparison, depth and time migration are conceptu-
ally quite similar. The significant difference is that be-
fore each frequency plane is downward continued, a
separate operator G is loaded so that separate h,, opera-
tor coeflicients can be calculated for each frequency. Of
course, during time migration planes of constant time
increments are determined in contrast to depth incre-

ments.

V1. Source Code Appendix

A five page source code Appendix A-D is attached.
In Appendix A, the 5X5 G operator is applied. |

Appendix B applies the Chebyshev filter illustrated in
FIG. 2. As can be appreciated from Appendix B, the
operator coefficients h, are computed by linear extrapo-
lation from the filter coefficient table.

Appendix C shows the code for looking up the filter
coefficients from the coefficient table.

Appendix D should be compared with FIG. 5 and

ithe frequency chunk. The extrapolation step in FIG. 4 35 describes in detail the downward continuation method-

and FIG. 5 are identical.

ology for frequency ‘“chunks”.

APPENDIX A

© AUTROLS ~Teter Righnam (3chlunberger laboratory for Computes 3cl{ence)

C
€ Apply Kale (13%30)73s @3 operstor.

S the lacliude file.

Ths Nale G parametsr ls supplied via
TRIs L4 N0 moze than a 3z3 rfeal convolucloa (with

C anly 17 nob-3sro entTies} TAaT 15 applisd to & 2D camplex sTINY, progucing

C & U complex 4ITAY.

The Ccode loolks 3 little conveluced {roxTYy) Dm&ause

C acme effart M3 been Rads o explolt The symmstry of tha G5 Dy asking

& coamos UDEXpressions.

subroutine g3( from plana , ta plane )
taplicit none |

{oclude ‘paTameters.ine’

ZeToes sze L{maposed st Lhe arrsy boundaries.

Teal, piTrmater 1: MINUSF C OVER 8 = « MALX C© ¥ 0.12%

1€al, parametar 11 c__a-mj

“ RALS C * 0.29%

real, Pazimatar i1 C_CENTER CORFY = ~ ( 1.3 ¢ HALE C ) * 0.8

complax, arrayl X _31I3. Y _311% ) 1: fram plane , to_pline

oafd layout from planei{,).*9 Dlane(,}

oomplax, arrayf{ J_3TIX, T 311X ] 1t tewpll , Tampdl) ., teapl? , tenpld

onf$ layoQt tespll(,), temPlil, ), temp{,.), Tampd(,)

complex, aATTay( ¥_31I3., Y _3I1XZ )} 3: temapl , Tampl
cnfl$ layout tampl(,),templ{,)

tanpll = NINUZ C OVAR 3 ¢ (Tom plane

tampll = L _OVIR € * Irca plane

tamp2z = 0.129% ¢ Zrom_plane

temp?l « 0.23 » fromn plade

tampl ~ @o03hiItl tanpll , DIWe2 |, SINIFD= =2 )} o

[ Teapll

3 e 3RIIL( tampll , BIMe2 , INIFT~ 2 )
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temp2 ~ sashiit{ Taap2l , DIM= , ZHIPT= «] ) o
y | Compld *
3 eoshiftl Sampil , DIw2 , SHIFS= 1 )
to plane ~ eoxhlifTt( templ , DI~} , SHIPT» -2 ) ®
$ soshiit( tampl , DIMe]l , SHIP?> 2 ) o
s @osNilt( templ , DIM=] , SHIFTa =] )
s easnlilt( tamp2 , DINel , SKIFle 1 ) o
3 eoanlit({ teapll , DINw2 , SHIFPY= =2 )
P eoshilt( Teanpld , DIN=~2 , SHIPTe 2 } o
$ eosnlfis! tanp2l , DIN=7 , JNIFD =1 } o
| eaaliIT( Tampdl3 , DIW=2 , SHIFTs 1 }
b C.CIXTIR CTEFY ¢ from_plane
4 194321

end

APPENDIX B

v AJLAIYT Fotar Nighnaa {3chlumberger laboratory for Computer Jciencs) |
o

C Lxcrepolate & singla frequency plane (plane_psaras), ons depth atep.
¢ The fliltar to Do spplied has basn {danclfied Iin terIms of Tadls entsy indsax (coeff low _index)

C and linear interpolation Irsction (omeqa_velocity fractionm).
C T™hs asthod is te apply the Chadyshev f{lter (Rale 1339) dicectly.

subroutine hox nolr{ plase_pazram , coeff_low_{ndex , omeqa _velowity fraction )
ingplliolX none

iacliuds "parameters.ine’

conplex , sesTay ( X 3138 , Y 3138 ) :: plans param
nif layout plane param(,)

integer , arxay ( X SIIR , T _3I3K ) ;: cowfl low indes
aaf§ layout coeff low index(,)

Tesl P lr:uy t X 3238 , T 3133 ) :: amega Yolacity fractica
amf{f layout omwga ﬂlm}lty ftmiun: )

- N -

L~

conplex plane ! ¢, X_3I13, ¥ 312K )
c=f{s layout plane {:30Tfal, inews, 1news )

inceger, paxamster 11 PJLANE INUSX INITIAL
iateger, paramecel ::1 FLANK 1WDEX_ ITARTER X3
integer, parameter i: FLAB llntx srnm n
integer, paramster !: FlLANE nmu STARTER
integer, parameters i1: PLANE :nn: XLN

Croawa Aspart == JTARTING _PLANE 3'!”‘:!1_!2

l

¢ 1 40 0 0
Sy

t

integqer Integer Tenporary scilsl
iateqer plane {ndex szcalar
integqer plane_index_nl_scalar
intaqer plane_index_ a2 scaliar

compleas B 1 ¢ X 31, Y 3122 )
af$ layoul A inmwl, Ihews)

intager bBale_index scalar
plans ( PLANE_INDEX IBITIAL . 1 , 3 ) e plane_param

plane_index a2 scalar <~ PLANT INDEX ITARTIR M2
plane_iadex_scalaz - PM :nu 3TARTLR
plane_index_al ascslar « PLANZ_INDEX_STARTER N1

c3ll gompucts_hale _coeff{ 6 , coeff low _index , ameqa vtlm:lt.y fzaction , A i)
planal FLANE nmu ¥EN, 1,1 ) =~ R {* plane plane_index a2 mlu,z 1}

call compute Mls coelf( 1 , coelil lov indeax , Gmeqa JYelecity fractiom , A L)
call ¢3¢ planet pluu .‘l.nd-x n2 auhr.:.l ) + Plane( plane_ 11-.4.; xl ’ﬂl.r'g 5 ) )
plane{ PLANE_INDELX ¥TW, 1, ] - “plane PLAXT _INDEX JENW,;,: Y v

$ rE ﬂ * h_ P plane{ plana index_ =i lcll-lr.! ! ]

4o Ddale {ndex_scalar = 2 , %NALX 3128 - 2

call coaputs_hals c:u:'r{ hale_index _scalar , coaf? low index ,
s omwgs velocity fractiom , 2 &)
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call 93¢ plane{ plane_index al scalar,i1,:1 ) , planat plane_index scaler ,1,11 )

plane{ plane _index_scalar,31,i ) =
8 -3 * plane{ phno_!.Mu__luhr.:,: }) = plane pluq_indu_;}_;u}.r,“; )

plana{ PLANE_ INDEX FJEN,!,! ) < planal PLANT _TNORZI WIN,;,: ) o
$ 2.0 * B { * plana( plans_index nmlar.:,: )

{nteger_taaporary_ ¢calas <« plane_index_scalar

plans_index _scalar ~ plane_Iindax_ “m2 _scalar

plam__ind-:. ﬂ_lul.:r * plane_ indtl S _sealar .

plans_{ndeax m] scalar - intoqcr_tnmruy__mhr
ead do

call cmputc Nle _coelfi RALT 3138 ~ I confl low in.d-x .
3 omaga _valocity fraction , h : )

czll ¢3¢ planel plamﬂindcx_nl_lcalar. 1.2 ) o, planel placs index scalar,:,t ) )

plane{ plads_ladex scalar,i,1 ) =
3 2.0 ° plane{ plans index _Jcalar, 1,1 ) ~ plane( plane indesz 4_scalar,i,? )

plane( PLANE_IXDEX INIZIAL.:i,: ) ~ plape( rm JINDEX XYM, :,3 ) v
S 2.0 = h_ 1 o pl.lnlt pllu index_scalar,:,} )

plans_param - plane( PLANK INDEX INITIAL , f , ! )

feturn
ond

"APPENDIX C

¢ AUTRATY(  Teoter Highnam (3Jchluabewrgel laboratory for Camputel 3cienca)

Application level code I0¢ using the 3hared Xale coefficient tadies.
look up tie two gdlacent comples antrise for The coefficient (numder

{n tde shared tadle. Linearly {nterpolate uzaing {fractioca] %o qet al.
he shared TaDie la stored (linearized) ag¢:s

coeff 40 1 entcy €490
shtry ¢1
1
ontrTy 4 (Rax-=1)
coeff 1 entry #9Q
oentTy 71

i
ently 4 (max-])
:

1

coefl 4(3~-1): entry #0
entry #}
£
ontry ?{(max-})

> 3ocasa mathod)

Campute index from coeff numbder ; O .. RALX S3ITL -}
lmku'p {ndax 5 0 .. HALE ABLE 312k ~ 1

index =~ coeff number ¢ HALE TABLE 311X o looXup_{ndex
Assuaption: (index ¢ 1) i» vithin ths same Goefflclent rangs as ({ndex).

(1) The incoming lookup_index is tha laower of the Two tabls indices that correspand to
the Ttwo table entries that most Closely bound the value of interest. Tnos,
lookup high vslde #nd lov _value from one indesx.

{2} Linear 1nt-rpolut Detvaen Aigh _valye and low SYdlue using (fraction} which represents
ths praportion of inign vilue - “low _vilue) to ad4 to icw_value €to get The Zesclt, 2 4.

onnonnanannaoonnononoaonaaaoaaoaanoannaaoantanhn

sudbroutine compute tale_coeff( RURDel scalar , low_index , fraction , h !}

ixplicit none
iaclude “paramatary.inc’
{nclude ?table.linc’

integer numbar scalar
- iateger lowvw_ tndex { X 3122 , Y It )
af{$ layout Jow_ ingex( . )}
xeal fraction ( X _SIXK , Y_SIIR )
omf{$ layout Iraatiom{ , )
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complex n_ § ( X _3I3% , Y 31213
c8f3 laysuct N L (, ) |

inteqexr , array { X _3IIL , Y 3SIIZ ) :: index

ot layout lndexd,)
complex , Axrsy ( X _3ILX , Y _JIIZ ) :: low_value ., Aigh_value
cmf§ laycut low valuei,) , high_viluedt,}

indsx = number_scialar ¢ HALZ TARLL 3IIZ + low_inaex « 1}

C==v= Bead The 3ingle precision complex numbar for the low value. .
aall @ lookup in_tablw( lov _vilue , tadle_id , indax , .tctue, )

indes » index ~ }

Cr=-~ Raad ths single preclision complex numper for the high value.
Call O lookup_in_table( 2{gn valus , table_id4 , {ndex , .true. )

Cv-—= Linear Iincerpolation to get resulc.
B_{ = lov_value ¢ fractlan * ( hiqh_valus =~ low valuse )

-4 1 48891
o

APPENDIX D

AUTAGT :  Féter Highnam (Jehlumderger lLadoratory fer Computst Xciencs)

Lxtzapolate s Jiven nuader of frequency cAuhks {nchAunke), esech compossd 3f ¢ given nuader
of freqQuancy planas (Lroeq _thunX sizel, 1 givan auabwr of depth steps (3 _steps). TNe minimum

frequency and The fraquancy separation of frequancy planes sre slse supplied {{Teq nin 2z,
Ireq step_Kx)}. ThAls Toutine slaa Tesds s velocity and [Xequency file and reada and writes a

aap file. 7The files are azsumed TO Nave silleady Deen opsnaed.

nanannOadn

sudrautine Downward Continue ( t_staps ,
s freq_chunx al{ze , nchunls ,
3 {req uin_Nz , ITeq step liz )

{xplicit none

include ‘parametars.ing’

ineluds ‘Lo.ing’
tocluee * /homs/om/include/cas/paria-configuration~fort.a’

1aglude ‘/Noma/cm/include/cn/CxXY_dels.h’

iateqer x_»teps
inteqer freq ChunX slze , behunks
Teeld freq aln_Ha , frxeq _step X3

integar I

intsger statua

coaplex planea ( fzeg_chunk_sixe , X 3133, Y _31IZ )
cml$ layout pDlanes [ :serial, inews, Inews }

Tsal , azxray ( X _SIIX , Y _3IIZ ) 1t velocity , realp veloaity
caf$ layout velocity(:nevs, :nees) , Tecip velocity(:newvs, :neve)

C-=-= Baxzic ratlo.
rfesal cncqn_vtlacity { X_3I2¢ , Y 311t )

cal$ layout omega_velocity(:nevs, :nesvs)

Cem== Katio 23 & fXectlon of the coeflicient Tadble spacing.
real omega_ velocity fraction { X 3128 , Y 312t )
cef8 Jlsyout omeqs velocily Iraction(ihevs, :hews)

Covww= tha low coefficlent table 1indax.
{nteqger coeff_low_index ( X 3IXX , T SIIXK )
cmf$ layont coeff low_indsx(:paws, :nevs)

Ce=w= Poat-extlapolation edge mask.
real tCaper ( X 3I3L . Y _313L)
cafs layout tipel! :nhews , inews )

C-=>= MaD plane Daing ypdated. |
resl , azxray ( X_3I2F , Y _3II2 ) :: map »lice
a3 layout map slice! :hewa , :inavs )

Cwwe~ Which ITaquency chunk, and tha plang mumber in that qhunk.
' integer L{req_chunk_nuaber , ITeQ Nuade?
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Cr=~= Fraquency af current plane Being extripoleted.
Xeal fraquency scalar

Coe~= Holds Gelta z * 2 * P] * fTequency.
Teal ahsga_delta_3_acalar

Cewoe ﬂ-pﬂh'pluu AUmDeYT.,
~ integer 3 _numbar

extarnsl i3 a_ paver of two
logical ls_3_power of two

Geoaas 3

Cem== 32> ETTOr Checkling On p4Tamsterr Nas buen excized.
Coww= I |

C---= ¥aor each Lrequency chunk,
DO Irsq Shunk _number < 9 ., nchunka-l

{veove== Read frequency ¢hHunk, ~
calli OF om_array fras fileg PRIQUENCY UNIT , planas , status )
1f ( s%atus .eq¢. ~1 ) step "PATAL> Could mot Fe3d IYequancy chunk.’

Co—vmwaa Nove RAD Tlle Pointar Bacx to sStarec.
| call Ow_file rewind( BAP UNIT , atatus )

1f { status .eq. =1 ) s%op *PATALY Zould not Teaposition map f1le pointer.?

Cowwewwe Nave Valocitly Pila Yoin%er Back %o 3%art’
Call OF flle_rewind( VELOCITY UXIY , status )
1L ( status .eq. =) ) sToOp °FATAL> Could oot reposiction velogity file poincer.-

Crwww==a ToOr gach daptd levael.
PO T _huadet =~ 1 , x_steps

Comvvrvww—w~ Read Velocity plans.

c3l]l OF _ca_array from file{ VEILOCITY UNIT , velogity , status }
if ( status .eq. ~1 ) stop "FATAL> Could not Tead read velocity plane.’

IV { T numder ¢g¢. 2 ) TKXI® |, "~

Tecip _velocity « 1.0 / velocity

Crmrmemenwwee— For ewacd {ITequency plane in the chunk.
DO freq rnumbar « 0 , freq _chunk size - 2
Irequency_scalar = (req aln ¥r « . .
- U Treq _chunk nuaber ¢ Ireq _chunk _site ¥ freq nusder ) * fraq_step_N2

omaga_dalta_:_scalar ® DELTA 1 2 FI * frequency_scalar
oneqa_veloaity = { omeqd_delta_: _ecslar ® recip velocity ) = SALE TABLE RIN _COMIGA

couf? low_indes = INT{ omega_vaelocity * RECIP_RALE_TADLE_CMECA V $T%P ]
oaags_velocity fraction = amegs velocity AXCI? KALE TABLX ONXIGA V ITEF -~ resl! coelf low_index )

Lrevvreow————as Zxtrapolate Thls requency plane.
Gall box noir ( Planes{ Ireq numdarel , : , 1 ) ,

) " coefl_low _index ,
s casqas_velocity Zraction )

Covwrnvwanason T3085 Che edges.

Planes{ Ireq nuabmrel,i,1 } « cuplz( taper * rxeall planes( freq nombece) ,t,1 ) ) ,
P | Ciper * alasql planes( fzaq Numbderel ,:,71 ) ) )
29D DO
£xD I¥

Coewsene Rnd of eucTapolation astep.

Crvw=erew Update tha 4depth map. Pizst tims through we Just write ogt, after that we Dave to update the 0ld map.
if { Ireq chunz nuaber .sq. ¢ } tlen
»ap alice o real{ planes{ 1,:,4¢ ) )
O I =23, freqonunx_sise
Rip slics ~ mxp _slice * Teal( planas( I,:.1 3 )
BT DO
<lre
c3ll O cm_array_from file{ MAP_VNIT , map_slice , statns }
12 ( scatus .eg. -1 ) stop ‘PATAL> Caanot resd 3ap plane’

Sall OF Tfile laeek( AAP UNIT , - QOF siie0f array element( ap _slice } , acscus )
12 ( 3Catis .0q. =l ) 3%ep *‘FATAL> Cannot laeek aad plane dack one’

DO I -1, Treq chunl size
Bap slice « map slice « reall planes( 1.2,: ) )
ZXO DO
end it
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call OF _cm_axray to_flle( Xor _UIT , map slice , status }
1{ { sTatus .eq. =1 ) stop “PATALY Cannot write map plane’

N0 DO
c--r----- ud n: d"pm lmp‘

IXD DO
C-v>~ EInd of ITequency chunX loop.

TeTurln
eond

We claim:

1. A method for time migration of space-time domain
seismic data to build a reflector time map using a paral-
lel computer having a number of processing compo-
nents, comprising the steps of:

(1) transforming the seismic data from the space-time
domain x,y,t to a space frequency domain x,y,f data
cube using a Fourler transform process;

(2) storing the space frequency data cube in computer
memory;

10

15

(3) grouping one or more frequency planes from said 20

space frequency data cube into frequency chunks;

(4) downwardly continuing the space frequency data

cube for each frequency chunk through a number

of time steps to obtain a reflector time map, where
for each time step the method includes the substeps
of

(a) modeling a velocity profile,

(b) loading a table of operator coefficients into
memory,

(c) for a single frequency plane within the fre-
quency chunk, assigning processing components
to respective subgrids of one or more x,y spatial
positions in the x,y plane,

(d) extrapolating all of the x,y spatial positions by
concurrently operating several processing com-
ponents in paraliel, for each x,y position the
extrapolation using the velocity profile and some
of the operator coefficients from the table,

(e) building the reflector time map.

2. The method of claim 1, wherein the migration is
performed using post stack seismic data.

3. The method of claim 1, wherein the downward
continuation step includes the substep of controlling the
processing components using a single instruction multi-
ple data method.

4. The method of claim 1, the modeling a velocity
profile substep (4)(a) comprising reading the velocity
plane for the depth of interest into local memory of each
processing component.

S. The method of claim 1, wherein the extrapolating
substep includes applying a 2D filter.

6. The method of claim 5, wherein the 2D filter hav-
ing a number of filter coefficients is expressed as a sum
of fixed size convolution filters using Chebyshev recur-
sion.

7. The method of claim 5, wherein the 2D filter is in
part described by a number of filter coefficients re-
trieved from a table of filter coefficients, the table being
stored in local memory of each processing component.

8. The method of claim 7, wherein an entry in a filter
coefficient table is retrieved by indexing the table with
a velocity value and a frequency value.

9. The method of claim 8, wherein each processing
component includes a plurality of processors, and each
processor can access the stored table with different
index values.

10. The method of claim 5, wherein the filter coeffici-
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ents are determined independently for each x,y spatial
position.
11. The method of claim 5, wherein the 2D filter is in

part described by a symmetrical operator G.

12. The method of claim 11, wherein the operator G
1S a 5 X 5 mask with some of the mask entries variant as

a function of frequency and velocity.

13. The method of claim 11, wherein the operator G
18 a 5X5 mask with constant mask entries for all fre-
quencies.

14. A method for migrating seismic data using a com-
puter system having a number of processing compo-
nents operable in parallel, where the seismic data cube is
in the space frequency domain x,y,f and is stored in
computer memory, characterized by:

grouping one or more frequency planes from the

seismic data cube into frequency chunks; and

downwardly continuing for each frequency chunk

through a number of time steps to obtain a seismic

reflector time map where for each step the method

includes the substeps of

(a) for a single frequency plane within the fre-
quency chunk, assigning processing components
to respective subgrids of one or more x,y spatial
positions,

(b) determining a velocity profile for respective
subgrids, and

(c) extrapolating data at all x,y spatial positions in
the subgrids by concurrently operating several
processing components in parallel, using said
velocity profile and frequency associated with
said frequency plane to determine the filter coef-
ficients of a 2D fiiter applied to said single fre-
quency plane.

15. The method of claim 14, wherein the 2D filter is

in part described by a number of filter coefficients re-
trieved from a table of filter coefficients, the table being
stored 1n local memory of each processing component.

16. The method of claim 14, wherein the filter coeffi-
cients are determined independently for each x,y spatial
position.

17. The method of claim 14, wherein the downward
continuation step includes the substep of updating said
seismic reflector time map with said extrapolated data at
all x,y spatial positions.

18. The method of claim 14, wherein the downward
continuation step is performed concurrently for a plu-
rality of single frequency planes within said frequency
chunk.

19. A method of migrating a space-time seismic data
cube to a space-time reflector map comprising the steps
of:

transforming the space-time data cube into a space-

frequency data cube comprising a plurality of fre-
quency planes;
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extrapolating some of the frequency planes of the
space-frequency data cube through the time levels
of interest by
assigning for a frequency plane processing compo-
nents of a computer system to subgrids of one or
more X,y spatial positions in the frequency plane,
applying a frequency and velocity dependent 2D
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filter by concurrently operating the processing
components in parallel to obtain a wavefield
extrapolation; and

creating a space-time reflector map using the wavefield

extrapolations for said some frequency planes.
X - X k %
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